Introduction
Patients with heart failure often present with low systolic blood pressure (SBP) and because this is associated with poor outcomes, and because physicians are concerned about hypotension, they are often reluctant to prescribe medications likely to lower arterial pressure further, even if such treatments are known to improve prognosis. [1] [2] [3] Recently, The Prospective Comparison of angiotensin receptor-neprilysin inhibitor (ARNI) with an angiotensin-converting enzyme (ACE) inhibitor to Determine Impact on Global Mortality and Morbidity in Heart Failure trial (PARADIGM-HF) randomized 8399 patients in 47 countries to treatment with enalapril 10 mg twice daily or with sacubitril/valsartan (formerly known as LCZ696) 97/103 mg twice daily (equivalent to 200 mg LCZ696 twice daily). 4, 5 Compared with enalapril, sacubitril/valsartan reduced the primary composite endpoint of cardiovascular death or heart failure hospitalization by 20%. 5 However, because sacubitril/valsartan not only blocks the renin angiotensin system, but also enhances the activity of vasoactive substances such as the natriuretic peptides and bradykinin, it reduces blood pressure more than an ACE inhibitor or ARB. Because this may cause concern among physicians treating patients with a low SBP, we analysed the efficacy and safety of sacubitril/valsartan, compared with enalapril, according to baseline SBP, and SBP after randomization, in PARADIGM-HF.
Methods
The design 4 and the primary results 5, 6 have been published. Patients enrolled were in New York Heart Association (NYHA) class II-IV with an ejection fraction < _40% (changed to < _35% after amendment) and a plasma B-type natriuretic peptide (BNP) > _150 pg/ml or N-terminal proBNP (NT-proBNP) > _600 pg/ml (or for patients with a heart failure hospitalization within 12 months, BNP > _100 pg/ml or NTproBNP > _400 pg/ml). Patients pre-exposed to an ACE-inhibitor or an angiotensin receptor blocker (ARB) at a dose equivalent to enalapril 10 mg daily for at least 4 weeks were screened and if eligible entered a run-in period during which they were required to tolerate first enalapril 10 mg twice daily and then sacubitril/valsartan 97/103 mg twice daily (see below). Furthermore, patients had to be on a stable dose of a beta-blocker (if tolerated) and a mineralocorticoid receptor antagonist (if indicated). Patients with intolerance to ACE-inhibitors or ARBs, with symptomatic hypotension or a systolic blood pressure <100 mmHg at screening/<95 mmHg at randomization, an estimated glomerular filtration rate (eGFR) <30 ml/min/1.73 m 2 or a decrease in eGFR of more than 25% (amended to 35%) between screening and randomization, a serum potassium >5.2 mmol/l at screening (or >5.4 mmol/l at randomization) and a history of angioedema were excluded.
Study procedures
On entering the run-in period, treatment with an ACE-inhibitor or ARB was stopped (other treatments were continued). Patients first received enalapril 10 mg twice daily for 2 weeks (single-blind) and then sacubitril/valsartan (single-blind) for an additional 3-6 weeks, initially at 49/51 mg twice daily (equivalent to 100 mg LCZ696 twice daily) and then 97/103 mg (200 mg) twice daily. Patients completing both phases of the active run-in period were assigned in a 1:1 ratio to double-blind treatment with either enalapril 10 mg twice daily or sacubitril/valsartan 97/103 mg twice daily. If symptomatic hypotension occurred, the protocol recommended reduction in the dose or discontinuation of concomitantly administered blood pressure lowering drugs (e.g. nitrates and diuretics), except guideline-recommended disease-modifying drugs for heart failure (e.g. beta-blockers and mineralocorticoid receptor antagonists). However, the study drug could also be reduced in dose or temporarily discontinued, if hypotension (or other adverse effects) occurred. BP was recorded at every visit using a standard sphygmomanometer with an appropriately sized cuff at the non-dominant arm in the sitting position after 5 min of rest. During the trial, the occurrence of hypotension was enquired about at each study visit by means of a question on the case report form.
Study outcomes
The main outcomes of interest were the primary endpoint (composite of cardiovascular death or heart failure hospitalization) of the trial and its components, as well as two of the secondary outcomes, allcause death and the clinical summary score of the Kansas City Cardiomyopathy Questionnaire (KCCQ).
SBP analyses
We analysed change in SBP from baseline according to treatment assignment, relationship between SBP and clinical outcomes, and effect of study drug on outcomes according to SBP. Specifically, we analysed change in SBP from baseline to 4 months, and over the whole duration of follow-up, as well as time-updated SBP during follow-up. We analysed SBP at baseline by category (<110 mmHg, 110 to <120 mmHg, 120 to <130 mmHg, 130 to <140 mmHg and > _140 mmHg) and as a continuous measure. We examined the association between baseline SBP, change in SBP and time-updated SBP and the primary endpoint and secondary endpoints described above. Finally, we explored the effect of sacubitril/valsartan, compared with enalapril, on these endpoints according to baseline SBP category and SBP analysed as a continuous measure. Adverse events according to baseline SBP category are also reported.
Statistical analysis
The effect of sacubitril/valsartan, compared with that of enalapril, on each outcome of interest, according to SBP category, was examined using Cox proportional hazards regression models. Restricted cubic spline analysis was used to examine the effect of treatment according to SBP modelled as a continuous variable. The interaction between continuous SBP and treatment group on the occurrence of the prespecified safety outcomes was tested in a logistic regression model with a term for interaction between SBP and treatment. All analyses were conducted using R version 3.1.2. A P-value of <0.05 was considered statistically significant.
Results
Overall, 8399 patients were included in the analysis. Effects of enalapril and sacubitril/ valsartan on blood pressure Figure 1 summarizes the change in SBP at 4 months in each treatment group. In both groups, SBP increased in patients with the lowest baseline SBP and decreased in those starting with a higher SBP (Figure 1 ), a finding that was similar over the whole follow-up period (Supplementary material online, Figure S1 ). However, the increase in SBP with sacubitril/ valsartan was less than in the enalapril group and the decrease in SBP with sacubitril/valsartan greater than with enalapril (Supplementary mate rial online, Figure S2A ), meaning that post-randomization SBP was lower in the sacubitril/valsartan than in the enalapril group across the SBP range (Supplementary material online, Figure S2B ). At 4 months, SBP was approximately 4-6 mmHg lower in the sacubitril/valsartan group across the SBP categories (Supplementary material online, Figure 2B ).
Relationship between baseline SBP and cardiovascular outcomes Figure 2 summarizes the relationship between baseline SBP category and clinical outcome (SBP <110 mmHg used as the reference group, hazard ratio = 1). Risk was lower for all outcomes in the higher SBP categories although less clearly in patients with a baseline SBP > _140 mmHg. In order to investigate this potentially non-linear relationship further, we carried out restricted cubic spline analyses of the association between SBP and the outcomes of interest. Examination of these confirmed that the risk of death (all-cause and cardiovascular) and the risk of heart failure hospitalization was higher in patients with a lower SBP ( Figure 3 ). However, above a SBP of approximately 120 mmHg the relationship between SBP and both types of death was flat, whereas the risk of heart failure hospitalization was greater in patients with a higher SBP (< 140 mmHg approximately) i.e. there was a U-shaped relationship between SBP and heart failure hospitalization. The shape of the relationship between SBP and outcomes was similar in the time-updated covariate analyses (using the last SBP measurement at the time point closest to an event or at the end of the study) (Supplementary material online, Figure S3 ).
Beneficial effects of sacubitril/valsartan compared with enalapril according to baseline SBP Figure 4 shows the primary endpoint rates by baseline SBP category, according to treatment assignment. Compared with enalapril, sacubitril/ valsartan reduced the risk of the primary endpoint across all SBP categories (P-value for SBP-treatment interaction = 0.55). Similar findings were observed for cardiovascular death, heart failure hospitalization and allcause death ( Table 2 and Supplementary material online, Figures S4-S6 ).
The effects of sacubitril/valsartan, compared with enalapril, on the primary and other outcomes, adjusting for SBP, are summarized in Supplementary material online, Figure S7 . The effect of treatment was adjusted in a variety of models all of which included age and sex. The models took account of baseline SBP (as a continuous measure), baseline SBP category, average SBP including baseline and all follow-up visits, baseline and post-randomization SBP updated to the time of an event Figure S8 shows all-cause death (A, sacubitril/valsartan; B, enalapril) and the primary endpoint (C, sacubitril/valsartan; D, enalapril) for low ( < = 100 mmHg) or high (> 100 mmHg) SBP. Low SBP was clearly associated with high all-cause death on enalapril, with lower rates on sacubitril/valsartan. Similar results were obtained for the primary end point (Supplementary material online, Figure S8C and D). Furthermore, we pooled patients and explored high or lower SBP (> or < _ 100 mmHg) at 4 months after randomization to enalapril or sacubitril/valsartan (Supplementary material online, Figure S9 ). The event rates were higher on sacubitril/valsartan and on enalapril when SBP was low. There were lower event rates on sacubitril/valsartan than on enalapril in either SBP group.
Change in Kansas City cardiomyopathy questionnaire (KCCQ) score
At each visit in each SBP group, the proportion of patients having a fall of five or more units in the KCCQ clinical summary score (i.e. clinically significant worsening) was smaller in the sacubitril/valsartan group than in the enalapril group ( Table 3) . The benefit of sacubitril/valsartan over enalapril in preventing worsening of KCCQ was consistent across SBP groups when adjusted for baseline variables (P for interaction 0.47).
Pre-specified safety assessments according to baseline SBP and treatment assignment Table 4 summarizes the occurrence of the pre-specified safety outcomes according to SBP at baseline. Symptomatic hypotension and hypotensive symptoms with a SBP <90 mmHg were more frequent in the group starting with a SBP <110 mmHg, irrespective of treatment allocation, although these adverse effects occurred more often in the sacubitril/valsartan group than in the enalapril group. The other adverse effects of interest, including elevation in serum creatinine concentration, did not have an obvious relationship with baseline SBP. Study-drug dose reduction and discontinuation for hypotension was more frequent in patients with a low SBP at baseline ( Figure 5 ). These rates were also nominally higher for sacubitril/valsartan than for enalapril. However, only 13 patients (1.3%) discontinued sacubitril/valsartan compared with 9 (1.0%) discontinuing enalapril in those with SBP <110 mmHg. The number was < _ 1% in all other baseline SBP groups for both drugs.
Discussion
In this study, we have confirmed and extended prior findings about the relationship between blood pressure and outcomes in patients with heart failure and reduced ejection fraction (HF-REF), albeit in a selected group which had tolerated full-dose enalapril and sacubitril/ valsartan during an active run-in period before randomization. We have also described the safety and efficacy of sacubitril/valsartan, compared with enalapril, across the range of blood pressure in PARADIGM-HF. Several studies have shown that patients with low SBP have a worse prognosis than those with higher SBP. [1] [2] [3] Because patients with low SBP were often undertreated with disease-modifying therapy, previous studies left open the possibility that sub-optimal treatment, rather than SBP per se, accounted for, or at least contributed to, the poor outcomes in these patients. By design, all patients randomized in PARADIGM-HF 5, 6 were treated with an evidence-based dose of renin-angiotensin system blocker and more than 90% also received a beta-blocker. Despite this, and greater use of mineralocorticoid receptor antagonists and digoxin, patients with a low BP still had worse outcomes than those with a higher SBP. It is not clear why this was, as patients with low baseline SBP in PARADIGM-HF did not have evidence suggesting more advanced disease. Specifically, patients with lower SBP at baseline were younger and did not have worse NYHA class and KCCQ scores or notably higher natriuretic peptide or lower eGFR levels. LVEF was only slightly lower in patients with lower SBP. Therefore, in this study, low SBP was not clearly a marker of more advanced disease or greater comorbidity, suggesting that below a certain threshold low SBP may itself be harmful. Interpretation of the relationship between SBP and outcomes in previous studies has also been hampered by the statistical phenomenon of 'regression to the mean' whereby SBP was consistently noted to decrease after randomization in patients with a higher starting SBP and to increase in those with a lower baseline SBP (CHARM, 7 ValHeFT, 8 A-HeFT 9 and COPERNICUS
10
). Potentially, this may have diluted the relationship between baseline SBP and outcomes. For this reason, we also conducted a time-updated covariate analyses, using the last SBP measurement at the time point closest to an event or at the end of the study. Finally, patients with a low SBP on treatment (< _ 100 mmHg) had worse outcomes compared to those with a higher SBP (>100 mmHg), but the event rate was lower on sacubitril/ valsartan compared to enalapril. Whether or to what extent low SBP at baseline, spontaneous decline or drug-induced effects are associated with, if not involved in, poor outcomes cannot be established in analyses of this type. However, our findings strengthen what is already known about the relationship between SBP and outcome, reinforcing the importance of SBP as a predictor of outcome.
The third extension of prior findings is our demonstration of a Ushaped relationship between SBP and heart failure hospitalization (and therefore the composite of cardiovascular death or heart failure hospitalization) whereby higher hospitalization rates were observed at both ends of the SBP range included in PARADIGM-HF. 5 This was quite different than for mortality (cardiovascular or all-cause) where the relationship between SBP and the risk of death was flat above a SBP of approximately 120 mmHg. Indeed, it was notable that 14% of patients in PARADIGM-HF had a SBP above the threshold for treatment of hypertension (i.e. those in the > _140 mmHg category, with a mean SBP of 148 mmHg), despite their treatment with multiple hypotensive medications. Why the rate of hospitalization of heart failure was higher in patients with a SBP > _140 mmHg, but mortality was not, is unclear. Sacubitril/valsartan improved clinical outcomes, compared with enalapril, across the range of SBP studied. This treatment benefit was robust, persisting after adjustment for SBP at baseline, average SBP during follow-up and time-updated SBP, the latter, as explained above, strengthening the relationship between low SBP and poor outcomes. Consequently, even in patients with a persistently low SBP after treatment, sacubitril/valsartan was superior to enalapril in reducing mortality and morbidity. In our analyses, patients with a low baseline SBP are those of most interest given their greater risk of death and hospitalization and the concern physicians often have about using blood pressure lowering drugs in them. Indeed, because of this concern, patients with a low SBP have even been excluded from many key trials in heart failure (CIBIS-2, MERIT-HF).
11,12 PARADIGM-HF enrolled a large number (n = 1747) of patients with a low SBP (1747 <110, 1173 <105 and 309 <100 mmHg), comparing favourably with other major trials that have examined the safety and tolerability of blood pressure reducing drugs in heart failure, including Val-HeFT (1156 patients < _110 mmHg), COPERNICUS (396 <105 mmHg) and CHARM (385 < _100 mmHg). 7, 8, 10 Patients in the lowest SBP category in PARADIGM-HF attained the same relative magnitude of benefit from sacubitril/valsartan as patients in the trial overall. Consequently, because such patients are at higher risk of adverse clinical outcomes, the same relative risk reduction with sacubitril/valsartan is expected to give a greater absolute risk reduction-of the order of a 3-4 fewer fatal and non-fatal events per 1000 patient years of treatment. This principle is true for all disease modifying neurohumoural and vasodilating drugs studied to date yet, paradoxically, as mentioned earlier, these sicker patients with potentially more to gain are the least likely to be treated. Inevitably, however, this additional benefit comes at a cost. As in prior studies, patients with a low baseline SBP have more hypotension-related adverse effects reported, irrespective of treatment allocation (even if assigned to placebo). This was also observed in PARADIGM-HF, although the proportion of patients assigned to sacubitril/valsartan and experiencing symptoms of hypotension and a SBP <90 mmHg or discontinuing study drug for hypotension was not large. However, this finding must be interpreted in light of the study design (with sequential active run-in periods -enalapril followed by sacubitril/valsartan). Specifically, of 10513 patients treated with enalapril over a median duration of 15 [IQR 14-21] days, 1102 (10.5%) discontinued the study for any reason (including administrative reasons and withdrawal of consent). For sacubitril/valsartan, of 9419 patients treated over a median duration of 29 [IQR 26-35] days 977 (10.4%) discontinued the study. In the two periods, 146 and 164 patients respectively, discontinued for an adverse effect related to hypotension. A recent analysis, using inverse probability weighting to adjust for variables associated with discontinuation during the run-in, showed no significant diminution of the benefit of sacubitril/valsartan over enalapril with respect to the key outcomes cardiovascular death, heart failure hospitalization and all-cause death. 13 Furthermore, in another study with only a 5-day active runin period (TITRATION), up to 84% of patients tolerated the introduction of sacubitril/valsartan without dose-interruption or downtitration.
14 Some limitations of our study need to be acknowledged. This was a post-hoc exploratory analysis and patients were not randomized according to SBP. All randomized patients had demonstrated toleration of both enalapril 10mg twice daily followed (170) 692 (142) 793 (148) 836 (154) 880 (138) 912 (129) 648 (98) 633 (98) 507 (87) 510 ( by sacubitril/valsartan 97/103 mg twice daily. Patients could not be randomized if their SBP was <95 mmHg or they had symptoms of hypotension.
In conclusion, we have confirmed that low SBP is associated with worse outcomes in HF-REF and have shown that, if an individual could tolerate sacubitril/valsartan, (notably after exposure to the maximal dose in a run-in phase) it was beneficial across the range of SBP included in PARADIGM-HF in patients taking other guideline recommended therapies. 15 Compared to patients with a higher SBP, those with lower SBP may obtain greater absolute benefits from sacubitril/valsartan but at the expense of more hypotension-related adverse effects.
Supplementary material
Supplementary material is available at European Heart Journal online. 
